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Research was conducted at the University of Central Florida 
between September 1983 and July 1985 utilizing Ground Penetrating 
Radar (GPR) to determine values of dielectric constants of common 
earth materials and to establish a correlation between the 
dielectric constant of a material and its moisture content. GPR 
was also used on a concrete pavement to determine the dielectric 
constant of a concrete mix and to explore the possibilities of 
evaluating a concrete pavement by detecting embedded anomalies. 
The earth materials selected for the purpose of this research 
were sandy soils, clayey soils and limestone aggregates. A model 
PVC tank supported with a metal frame and a concrete slab divided 
into four sections with each section simulating a different known 
condition were constructed to help in this research. The radar 
graphical outputs obtained from the investigated materials along 
with plots of computed dielectric constants versus measured 
moisture contents are presented in this report. Attenuation rates 
of transmitted signals in different earth materials were also 
discussed. Values of attenuation rates for varying conductivities 
of a material and varying frequencies of the transmitting antenna 
are presented in tabular form. 
It is concluded from this research that GPR systems offer an 
accurate method of computing dielectric constants of typical earth 
materials and provide an excellent means of evaluating concrete 
pavements and locating buried anomalies such as reinforcing bars, 
pipes and simulated cavities. 
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CHAPTER I 
INTRODUCTION 
Subsurface site investigation today commonly consists of 
drilling boreholes and examining core samples. Since this process 
is expensive and time-consuming, the number of boreholes is 
usually limited and, therefore, in most cases, the boreholes may 
not provide an accurate assessment of subsurface features. A new 
technique, Ground Penetrating Radar ( GPR), provides a relatively 
quick and inexpensive method of subsurface investigation. By 
distinguishing materials with different electrical properties, GPR 
can provide a continuous profile of the subsurface. 
The electrical properties of earth material, namely the 
dielectric constant and the conductivity, are difficult to 
estimate because of their dependency upon the moisture content, 
temperature, density and impurities of the material (Bowders 
1982). So far, estimated values of dielectric constants and 
conductivities of various earth materials are being used by most 
researchers and investigators. An accurate determination of these 
parameters is essential, however, for proper interpretation of 
radar data. The calibration of a depth scale for GPR profiles is 
directly related to the travel time and propagation velocity of 
the radar signal which, in turn, is a function of the dielectric 
2 
constant and conductivity of the material being probed. One can, 
therefore, realize the significance of determining accurate values 
of the dielectric constant of conducting media for the best 
understanding of radar profiles and accurate determination of 
signal penetration depths. It is the objective of this report to 
present the results of a study from which the propagational 
velocity and dielectric constant of the most common earth 
materials were experimentally determined. 
Representative samples of sand, clay and limestone aggregates 
were collected and placed separately in an experimental tank. 
Using CPR, the signal velocity and the dielectric constant of each 
medium in its dry to saturated condition were determined. The 
signal traveling through a combination of these materials was also 
studied. Attenuation rates of radar signal in different earth 
materials were researched and are summarized in this report. 
Finally, a section of concrete pavement model was constructed and 
tested for the determination of the dielectric constant of a 
concrete mix and also for examining GPR's abilities in identifying 
anomalies (reinforcing bars, voids, pipes and aggregates) buried 
within and under the concrete slab. 
The results obtained from this research study can be used for 
the better understanding of Ground Penetrating Radar signal travel 
through some of the most common earth materials. By understanding 
how the radar signal and the dielectric constant of earth 
materials are affected by varying degrees of moisture content, CPR 
3 
operators can now develop more accurate depth scales for radar 




The study of electromagnetic wave propagation in conducting 
media has grown considerably in the last two decades. Wave 
penetration into a conductive medium is highly dependent upon the 
electrical properties of the medium as well as upon the existing 
moisture and temperature conditions. There are two primary 
electrical properties which determine the behavior of current in a 
medium, namely, electrical resistivity and the dielectric 
constant. The electrical resistivity, which is inversely 
proportional to the conductivity of a material, is a measure of 
the difficulty encountered in establishing long-term current flow 
in a material. The dielectric constant is a measure of the ease 
with which short-term currents may be excited when a voltage is 
applied to a material. 
When an electric field is applied to a material, displacement 
currents develop. The displacement currents represent a 
readjustment of bound charge ~arriers to provide an equilibrium 
balance between the force exerted by the external field and the 
binding forces which hold the charge in place. The amount of 
displacement current which flows in a material depends on the 
number of charges available for unit volume and on the mobility of 
4 
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these charges. Charge carrying particles with a high inertia 
respond slowly to an applied electric field and will contribute 
significantly to displacement current only if the frequency of the 
applied electric field is low enough for acceleration to take 
place. As a consequence, in any material, the amount of 
displacement current and, therefore, the dielectric constant, 
depends on the frequency of the applied electric field. Keller 
( 1954) used this concept of dielectric polarization to compute 
the dielectric constants of several types of minerals. By 
applying an electric field to a particular mineral, the center of 
mass of the electron swarm is shifted about an atomic nucleus with 
respect to the center of nucleus. This imbalance of electron 
charges produces displacement current. The dielectric constant of 







E: = E: n 
0 
dielectric constant in farads/meter 
scaling factor to express values in the MKS 
of unit = 8.85 X 10-12 farads/meter 




Some values of dielectric constants of different minerals, as 
calculated by Keller, are presented in Table 1. 
Another technique that had been used for measuring electrical 
parameters of earth materials involves the use of a radar located 
a substantial distance above the earth (aboard an airplane, 
balloon, rocket, space vehicles, etc.). The radar transmitter is 
oriented so that it transmits toward the earth. The return signal 
is a function of a number of variables: the distance from the 
radar to the earth, the angle at which the wave front strikes the 
earth's surface, the characteristics of the atmosphere and 
ionosphere through which the radar signal passes, the roughness of 
the earth's surface, and the electrical parameters of the earth. 
In an experiment conducted by Brown ( Waite 1971), radar 
measurements were made from a rocket flying over New Mexico. 
Return power measurements were made at altitudes ranging from 5 to 
165 km. The knowledge of the transmitted power (Pt), the receiver 
power (P), the antenna gain (G), the transmitter height (h), and 
r 
the wavelength (A), permitted a straightforward calculation of the 
dielectric constant of the earth's surface. If the power 
reflection is denoted by R, the radar return pulse power is given 


























6.82 - 8.42 
2.06 - 2.39 
2.34 - 2~84 
2.21 - 2.75 
2.28 - 2.85 
2.38 - 2. 71 
2.31 - 2.34 
2.21 - 3 .11 
2.50 - 2.68 
2.46 - 2.60 
2.30 - 2.49 
2.36 - 2.41 
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Since R is the only unknown in this relationship, it may be 
calculated by rearranging equation (2) as follows: 
R = (3) 
The power reflection coefficient (R) is related to the 
electrical parameters of the surface of the earth by: 




(s/s )1/2 + 1 
0 
solving for S/S gives: 
0 
1 + /R 2 
s/s = 
0 
1 - Ii 




The measurement of radar return pulse power, therefore, leads 
directly to a value for the dielectric constant of the earth's 
surface. In the experiment mentioned above, the value obtained 
for dielectric constant was 3.4, which was in agreement with the 
values obtained by averaging measurements made on the ground over 
the area covered by the radar. It was finally concluded that the 
radar method of measuring dielectric constants appear to be one of 
reasonable accuracy. It effectively averages the dielectric 
constant over a large area, but only for shallow depth below the 
9 
surface. Also, it permits measurements to be made over a large 
area in only a short period of time. 
Kraichman (1970) derived an equation relating the electrical 
properties of a medium to the penetration depth of an 
electromagnetic wave traveling through the medium. By utilizing 
Maxwell's equation for an electromagnetic field, Kraichrnan 
concluded that a plane electromagnetic wave entering a homogeneous 
earth, propagated downward within the earth according to the 
relations: 




= e y yo 
where E and H are the electric and magnetic field components in 
X y 
a rectangular coordinate system with its origin at the surface of 
the earth and the z-axis perpendicular to the surface and oriented 
downward, the constants E and H are the values of the electric 
XO yo 
and magnetic fields at the earth's surface, and Y is the 
propagation constant and is defined by the following relationship: 





w = angular frequency= 2TTf, where f is the frequency of 
antenna in hertz 
= relative permeab~~ity of medium. In many locations, 
µ = µ = 4 x 10 , the permeability of free space 
.r h o 1 in enry meter 
E: r = relative dielectric constant= E: • E: , whe~e is the 
dielectric constant and f. = (1/36TT)
0
x 10- , 
permittivity of free spac~ in farads/meter 
a = conductivity in mhos per meter 
i = symbolizes a complex root 
If the propagation constant is expressed in complex form: 
y = a + if3 
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a and 8 = attenuation and phase constants, respectively 
and all other variables have been previously defined 
Kraichman defines the skin depth or penetration depth of an 
electromagnetic wave traveling in a homogeneous, conductive medium 
as the depth in the conductor over which the field amplitude of a 
normally propagating plane wave decreases by a factor equal to the 
inverse of the logarithmic function, e, or 37%. This distance, 
according to Kraichman, may be measured by taking the reciprocal 
of the attenuation constant. Plots of skin depth for various 
conductivities and dielectric constants as a function of frequency 
are presented in Figure 1. These plots did not offer much help to 
this research study since the operational frequency of our antenna 
exceeded the maximum frequency presented in the figure. 
Several other studies have focused on the behavior of 
electromagnetic wave propagation into conductive mediums. Von 
Hippel (1964) studied the effects of contamination on the 
penetration depth of an electromagnetic wave. He concluded that 
as the conductivity of a material increases, the penetration depth 
of a wave traveling through that material will decrease. This 
concept can easily be verified from Kraichman's equation of 
attenuation constant. From equation (9), one can see that as the 
conductivity term increases, the attenuation constant will also 
increase and, thus, the penetration depth will decrease. Von 
. 
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10 10 2 10 3 10' 
Frequen~y, H:r. 
Skin depth (penetration depth) as a function of 
frequency for various conductivities and relative 
permittivities (Kraichman 1970). 
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Hippel further stated that the principal causes of conductivity 
increase in a material are contamination, chemical and 
electrochemical reactions with the environment and most of all 
t t 
the amount of water in the medium and the salinity of this water. 
A summary of Von Hippel's results, combined with those of 
Kraichman ',~ and Waite's, are gathered together and presented in 
Table 2. Note that all values of conductivities and dielectric 
constants presented in the table define the materials in one of 
two conditions: either dry or saturated. The lack of precise 
values of dielectric constants for the II in-between conditions, 11 
i.e., for different degrees of wetness of the material, could 
result in inaccurate interpretation of radar data. To eliminate 
this problem, radar measurements of dielectric constants were 
taken for various moisture contents of sand and clay samples. 
Plots of moisture content versus dielectric constant were derived 
and are presented later in this report. Values of dielectric 
constants given in Table 2 appear to be commonly used by most GPR 
operators. Some of the references researched, however, show 
values of dielectric constant of saturated sand, saturated silt, 
and saturated clay to be 30, 10 and 8-12, respectively ( Morey 
1975). Experiences with testing sandy and clayey soils leads the 
author to believe that these values are more realistic than the 
ones presented in Table 2. 
In summary, it appears that the penetration depth of an 
electromagnetic wave propagating into a medium such as earth is 
14 
TABLE 2 
APPROXIMATE ELECTROMAGNETIC PARAMETERS 





Fresh Water -4 10 to 3 X 10-
2 
Sea Water 4 
Sand, dry 10-
7 to 10-3 




3 to 10-1 
(fresh water) 
Clay, saturated 10-
1 to 1 
(fresh water) 
Dry, sandy, flat 2 X 10-
3 
coastal land 
Rich agricultural land 10-2 
low hills 
Fresh water ice 10-
4 to 10-2 
Permafrost 10-
5 to 10-2 
Granite, dry 10-8 
Limestone, dry 10-
9 




















highly dependent on the conductivity of the earth which, in turn, 
is governed by the water content and the level of contamination of 
the medium. An increase in the moisture content of the soil 
greatly increases both the electrical conductivity and the 
dielectric constant of the earth and, thus, increases the signal 
attenuation. Generally, deepest penetration will be achieved in 
low conductivity materials such as sand, rock or ice, and the 
least penetration obtained in high conductivity materials such as 
clay or seawater. Several investigators have reported depths of 
penetration that were achieved while conducting GPR tests under a 
wide variety of conditions. Table 3 presents the summary of that 
publication. Note that these values often represent situations in 
which the equipment has worked exceptionally well and do not 





Dolphin et al. 
Unterberger 
Harrison 
Rubin et al. 
Rubin and Fowler 
Benson and Glaccum 
Sandess et al. 
Alongi 
Moffatt and Puskar 
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Detecting subway tunnels 
Drilling guidance, 
subway tunnel monitoring, 
coal thickness 
General subsurface 
probing, locate and 
follow pollutants in 
ground, detection of 
buried containers of 
industrial wastes 
General subsurface 
probing as described 
above 
Locating mines, pavement 
thickness, shallow voids, 
pipelines 
Locating faults, joints 
cavities, pipelines 
CHAPTER III 
THEORY OF OPERATION OF GROUND PENETRATING RADAR 
Ground Penetrating Radar systems utilize impulse radar 
technology to obtain a continuous profile of the subsurface. By 
transmitting repetitive short-time-duration electromagnetic pulses 
into the earth from a broad band width antenna placed on the 
ground surface, the system is able to detect and measure the depth 
of reflecting discontinuities in subsurface soils and other earth 
materials. 
System Equipment 
GPR equipment used in this research consisted of a control 
unit, a graphic recorder, several transmitter/receiver antennas of 
varying frequencies, a 200 foot long control cable and a 12 volt 
power supply. The equipment, which was manufactured by 
Geophysical Survey Systems, Inc., is shown in Figure 2. 
The control unit (model 4400) controls system operation. The 
unit sends power to the electronics and synchronizing signal of 
the impulse generator in the antenna. Whenever the transducer 
detects a reflected radar pulse, the electromagnetic signal, which 
is traveling at the speed of light, is fed into the receiver. The 
receiver converts the pulse to an analog signal and sends this 
17 
18 
Figure 2. Geophysical Survey Systems, Inc. radar unit. 
signal back to the control unit. The signal is then processed and 
sent to the graphic recorder. The graphic recorder used was an 
ADTEK model SR-8104H instrument. The recorder is an intensity-
modulated device with the sweep of the stylus across the chart 
paper synchronized with the pulse transmitter trigger. The 
electro-sensitive paper moves as the stylus rotates, thus 
producing a continuous graphic representation of the signal. The 
chart paper is calibrated in nanoseconds of time and, therefore, 
can also be calibrated in terms of depth once the relationship 
19 
between travel time and signal velocity is known. Four antennas 
of different frequencies ( 80, 300, 500 and 900 mega hertz) were 
available with the system. Each antenna provides a different 
penetration depth, with the lowest frequency antenna allowing the 
most signal penetration. Finally, the 200 foot long cable was 
used to c·onnect the antenna, the control unit and the graphic 
recorder. 
Theory 
Ground Penetrating Radar may best be described as a downward-
looking radar where by a short pulse of electromagnetic energy is 
radiated into the ground and the time for the "echo" or pulse 
reflection from a target is measured. These "echo" times are then 
equated with distance to arrive at depth to targets and 
interfaces. The electromagnetic pulse generated in the antenna 
during the transmit cycle travels through the subsurface or 
whatever medium is being probed until it strikes another medium 
with a different dielectric constant, at which time part of the 
signal reflects back and the remainder continues on to the next 
interface and so on. Figure 3 illustrates this concept by 
presenting the GPR system in block diagram and functional form. 
The energy of the reflected pulse, E, is related to the incident 
r 























= the reflection coefficient at the interface 
between materials 1 and 2 
= the relative dielectric constants for materials 
1 and 2, respectively 
Note from equation ( 11) that as the values of dielectric 
constants of both materials approach each other, the reflection 
coefficient approaches zero and, thus, most of the incident energy 
continues on through the interface. On the other hand , as the 
dielectric constants vary, most of the incident energy is 
reflected back at the interface. 
Once the transmitted pulse hits an interface, the signal 
energy that reflects back is picked up by the receiver of the same 
transmitting antenna. The received reflection is then amplified 
and, by using a time-domain sampling technique, a waveform similar 
in shape to that of the actual received waveform but with a much 
longer time base is constructed. The signal is now ready to be 
processed and sent to the graphic recorder where a continuous plot 
of signal travel time versus horizontal travel is produced and 
presented on the electro-sensitive paper. 
Graphic Recorder Output and Data Analyses 
The graphic recorder produces an image by printing strong 
signals in black, weak signals in white, and intermediate signals 
in different shades of gray. Two sample profiles of a graphic 
22 
recorder printout are shown in figures 4 and 5. It can be seen 
from Figure 4 that the received signal consists of three basic 
components: 
1. The transmit pulse 
2. The surface reflection 
3. The interface reflection 
The first dark band at the top of the figure is the transmit pulse 
or actually it is a feed-through of the transmitted pulse into the 
receiver and serves as a time reference. Following the transmit 
pulse is the reflection from the surface. Then, at a time equal 
to the pulse travel time from the surface to an interface and back 
to the antenna, the interface appears as three dark bands. The 
triple band is caused by oscillation or reverberation of the 
reflection pulse between two interfaces. This oscillation limits 
the ability of the system to distinguish between two closely 
spaced interfaces. If the two interfaces lie within two feet of 
each other, the reflection signals from both interfaces will begin 
to superimpose on each other. In other words, the reflection 
signal from the second interface may superimpose on the 
oscillation signal from the first interface. If the two waveforms 
have similar polarities, they will be additive; otherwise, they 
will cancel each other out. 
Figure 5 represents a more complex graphic recorder output. 
This GPR profile requires more skill and experience to interpret. 
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Figure 4. Radar signal pattern (left) and corresponding 
graphical record (GSSI 1982). 
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F~gure 5. Typical radar profile from University of Central 
Florida test site. 
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followed by the reflection from the surface. Approximately 
half-way down the profile is a strong reflection from a second 
interface. The bands re pre sen ting the soil layer appear to be 
discontinuous, thus indicating a break in the layer. The 
hyperbolic signal seen in the upper left-side of the figure is a 
reflection from a pipe. The signal is hyperbolic because of the 
method in which GPR "sees" its targets. When the antenna radiates 
its pulses into the ground, a conical beam of signals is formed. 
The included angle of this beam from front to back is roughly 90 
degrees and from side-to-side is approximately 60 degrees. After 
signals are sent into the ground, a reflection from an interface 
can only be detected if the transmitting pulse strikes the 
interface at a 90 degree angle. In the case of a flat object with 
its surface parallel to the path of the antenna, the radar will 
"see" the object only when the antenna is directly on top of it. 
The resulting reflection signal, therefore, appears as a flat band 
as may be seen from the reflected signal which appears in the 
upper right-side of the figure. The signal is produced by the 
reflection from a rectangular wooden box buried next to the pipe. 
In the case of a round pipe, however, the situation is quite 
different. Since a pipe has many surfaces that are perpendicular 
to the antenna's path, its reflection will be picked up before and 
after the antenna passes over the pipe. Figure 6 depicts the 
phenomenon of radar transmission. The first reflection of the 












Figure 6. Hyperbolic reflection from a circular pipe (GSSI Manual 
1982) • 
with a vertical line drawn through the center of the pipe. A 
stream of reflections will continuously be received until the 
antenna travels a distance 2x from its initial point of reception. 
As the received reflections are plotted by the graphic recorder, a 
hyperbolic signal is formed with the apex of the hyperbola 
representing the true depth to pipe (GSSI Manual 1982). 
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Depth Calibration 
In all graphic recorder output, the horizontal scale is 
dependent upon the speed at which the antenna is being pulled 
across the surface and also upon the paper feed rate of the 
graphic recorder. The vertical scale which is initially time-
scaled with the travel time of the pulse can be converted into a 
depth scale if the velocity of propagation in the particular 
material being surveyed is known. Penetration depth can be 
calculated using the following relationship: 
where: 
D = 
V = m 
t = 
depth in feet 
D = V • t/2 
m 
average velocity of propagation in 
feet per nanoseconds 
two-way travel time in nanoseconds 
(12) 
material in 
The most accurate way to determine the pulse velocity is to scan 
over a target of known depth. The operator can control the time 
span or probing depth of the radar scan by adjusting a time range 
knob on the control unit. This range adjustment may then be 
converted into a total two-way signal travel time by using the 
calibration charts provided in the Appendix. The two-way travel 
time to the target of known depth may be determined from the 
28 
graphic recorder output by taking a ratio of the vertical distance 
from the transmit pulse to the target, to the vertical distance 
from the transmit pulse to the bottom of the electro-sensitive 
paper. Equation ( 12) can now be used to calculate the pulse 
velocity through the material. 
An alternate method of computing the pulse velocity uses the 
concept of signal reflection from a pipe that was discussed 
earlier. By referring back to Figure 6, recall that the first 
reflection from the pipe is received when the line of sight 
between the target and antenna is at 45 degrees. This reflection 
is printed out at a depth equal to distance Z which corresponds to 
time, t . As the antenna approaches a position directly above the 
z 
pipe, the depth reflection print out approaches the actual depth 
to pipe. This reflection is printed out at a depth equal to 
distance Y which corresponds to time t • Note that t and t can y y z 
easily be scaled off from the graphic output. By ·assuming that 
the material above the pipe is homogeneous and that the pipe 
dimensions are insignificant relative to the other dimensions in 
the figure, the following relationships exist: 
and 
x2 + Y2 = 22 





By combining equations (13) and (14) and solving for Y, the depth 
to the pipe is equal to: 
or: 
Y = xJ(t /tl 
z y 
Y = X . K 
where: 
X = distance along the ground in any convenient units 
Y = depth of pipe in units identical to those of X 
t = travel time of slant range to pipe in any units z 
t = travel time to pipe when antenna is directly over 
y pipe, in units identical to those oft 
z 
K = a factor= 
(15) 
A plot of K versus t /t is presented in Figure 7. Once the 
z y 
pulse velocity through a medium has been computed, the dielectric 
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s = the relative dielectric constant r 
c = the speed of light= 3 x 108 meters/second or 
1 foot/nanosecond 
Depth Limitations 
The effectiveness of a down-looking radar is limited by the 
maximum range or probing distance into the earth. The 
electromagnetic signals are attenuated with distance due to 
geometric spreading as the signal travels away from the 
transmitting antenna and due to energy absorption as the signal 
travels through a medium. The total penetration loss (TPL) is, 
therefore, equal to the sum of the spreading loss and the 
absorption loss (Kuhns 1983), or: 
TPL = spreading loss+ absorption loss (17) 
The total spreading loss is composed of two parts: (1) the 
fraction of the transmitted signal which reaches its target and 
can be expressed as: 





d = depth to target 
G = antenna gain 
a= target cross-section 
(2) the fraction of the power reflected from the target which is 
received by the antenna. This may be expressed as: 
where: 
returning power spread area 
received antenna effective area 
A= signal wavelength 
= (19) 
The product of these two factors yields the total spreading loss, 
or: 
total spreading loss= (20) 
It can be seen from the above equation that the spreading 
loss increases as the depth to target increases, but decreases as 
the target cross-section, antenna gain, or signal wavelength 
increase. 
The absorption loss is expressed by the absorption 
coefficient (a) of the medium being probed. The absorption 
33 
coefficient is frequency-dependent and is a function of the 
electrical conductivity, the magnetic susceptibility or 
permeability, and the relative dielectric constant of the medium. 
For a medium of negligible magnetic permeability, such as soils, 




a 0.014 f s 112 (11 + tan2 o - 1)112 
r 
= absorption coefficient 
0 
( 21) 
and all other parameters have been previously defined 
Generally, absorption is expressed in terms of attenuation 
( A) in decibels per meter, where decibel is a unit of gain. 
Attenuation is expressed by the following relationship: 
A = 20a = 8 7a 2.3 . ( 22) 
Note that the above equation expresses the same relationship as 
does Kraichman' s equation of attenuation constant, withs in r 
equation (21) representing the same quantity as does in 
Kraichman's equation. Table 4 lists values of calculated 
attenuations in dB/meter for several earth materials over a 
TABLE 4 
ATTENUATION VALUES OF COMMON EARTH MATERIALS 
MATERIAL DIELECTRIC CONDUCTIVITY FREQUENCY IN MHz CONSTANT (mhos/m) 1 10 80 100 120 
Air 1 0 0 0 0 0 0 
Fresh Water 81 1 X 10-4 .01819 .01819 .01821 .01819 .01823 
1 X 10- 3 .18081 .18190 .18191 .18192 .18190 
3 X 10-2 2. 774 5.201 5.453 5.454 5 .454 , 
Sea Water 81 4 34. 496 108. 534 295.156 326.310 353.486 
Sand, dry 5 1 X 10-7 7.318 X 8.778 X 0 0 0 
10-5 10-5 
1 X 10-6 7. 322 X 7.318 X 7.022 X 8. 778 X 7. 448 X 
10-4 10-4 10-4 10-4 10-4 
1 X 10-5 7.321 X 7.322 X 7.331 X 7.3!~ X 7.335 X 
10-3 10-3 10-3 10 10-3 
1 X 10-4 .0721 .0732 .0732 .0732 .0732 
1 X 10-3 .4758 . 7209 .7320 .7321 .7321 
Sand, saturated 20 1 X 10-4 .0366 .0366 .0366 .0366 .0366 
1 X 10-3 .3381 .3657 . 3661 .3661 .3661 

































MATERIAL DIELECTRIC CONDUCTIVITY 
CONSTANT (mhos/m) 
Silt, saturated 10 1 X 10-3 
1 X 10-2 
Clay, dry 8 1 X 10-2 
1 X 10-l 
Clay, saturated 40 1 X 10-l 
0.55 
1.0 
Dry, sandy, flat 
10 2 X 10-3 coastal land 
Fresh water ice 4 1 X 10-4 
1 X 10-3 
1 X 10-2 
Permafrost 6 1 X 10-5 
1 X 10-4 
1 X 10-3 
1 X 10-2 
TABLE 4 -- CONTINUED 
FREQUENCY IN MHz 
1 10 80 100 120 
.4186 .5157 . 5177 .5177 .5177 
1.678 4.186 5.145 5.157 5.163 . 
6.688 4. 399 5.733 5.753 5.763 
5.445 16.878 41.007 43. 994 46.307 
5.397 15.457 24.982 25.283 25.457 
12. 773 39.663 9 7. 65 3 L05.112 U0.971 
17.238 53.970 141. 293 154.565 l65.702 
.627 1.020 1.035 1.035 1.035 
.0800 .08H .0819 .0819 .0819 
.4888 • 7995 .8183 . 8184 . 8185 
1.707 4.888 7.900 7.995 8.050 
6.683 X 6.684 2< 6. 684 X 6.696 X 6.678 X 
10-3 10-3 10-3 10-3 10-3 
.0661 .066~ .0668 .0668 .0668 
.4633 .6611 .6683 .6683 .668~ 





56.534 5 7. 443 
25.860 25.878 
138.423 141.071 
239.045 251.54 7 
1.035 1.035 
.0815 .0819 
. 818( . 8186 
8.078 8.183 
6.799 J 6.119 X 







MATERIAL DIELECTRIC CONDUCTIVITY 
CONSTANT (rnhos/m) 
Granite, dry 5 1 X 10-8 
Limestone, dry 7 1 X 10-g 
TABLE 4 -- CONTINUED 
FREQUENCY IN MHz 
1 10 80 1 nn 120 
8. 778 X 0 0 0 - 0 
10-6 










frequency range of 1 to 900 MHz. The values of dielectric 
constants and conductivities of the media presented in the table 
were obtained from Table 2. It can be seen from the values 
presented in Table 4 that as the conductivity of a medium 
decreases, the attenuation becomes less dependent upon the 
frequency and alternately as the conductivity increases, the 
attenuation becomes strongly frequency dependent. 
The total attenuation loss for a signal reflected from a 
subsurface interface is given by: 
attenuation loss= 2Ad ( 23) 
Recall that the total power loss in decibels is the sum of 
the spreading loss and the absorption or attenuation loss 
expressed by equations (20) and (23), respectively, or: 
total spreading loss 
(4TI)
3i 
= 10 log 2 2 
a G >. 
+ 2Ad (24) 
For target detection to be possible, the total power loss 
given by equation (23) has to be less than the "performance figure 
(PF)" or signal recovery of the radar system, where the PF is 
defined as: 
PF= radiated peak power (25) 
minimum detectable received signal 
38 
Al though performance figures of most g·round penetrating radars 
today are limited to approximately 110 dB, it is foreseen that 
radar with PF of up to 200 dB may eventually be feasible ( Cook 
1981) • Such an increase in the PF of radar could allow for a 
penetration depth increase of as much as 60%. 
In summary, GPR system operation basically consists of 
transmitting electromagnetic waves, analyzing the received 
signals, and printing a hard copy of the reflected signals. The 
reflected signals typically appear in the form of three bands. 
Depths to targets can be determined in two different methods, both 
requiring the knowledge of signal travel time. The attenuation of 
a transmitted pulse increases with increased travel time as well 
as with the increased conductance of encountered interfaces. A 
great deal still remains to be learned about the operational 
theory of GPR systems, but with further research into this topic 
and with a better understanding of how GPR is affected by the 
electrical properties of the soils, · the system could become a 
common and reliable method of subsurface investigation. 
CHAPTER IV 
THE EXPERIMENTAL MODELS 
The purpose of this research experiment is to determine the 
propagation velocity and the dielectric constant of some of the 
most common earth materials in their dry to saturated conditions. 
The experimental set-up includes a model of polyvinyl chloride 
(PVC) tank and a section of concrete slab. Although the model of 
concrete slab was initially constructed to simply determine the 
pulse velocity and, thus, the dielectric constant of a concrete 
mix, the investigation was carried a little further. GPR was 
tested for its ability to evaluate a concrete slab by detecting 
anomalies such as voids, reinforcing bars, and aggregates buried 
beneath or within the slab. 
Polyvinyl Chloride Tank 
A model tank 8 feet long, 2.5 feet wide and 3 feet high was 
constructed of half-inch thick polyvinyl chloride sheets. PVC 
material was chosen because its electrical properties are very 
close to the average of dry soils, thus producing the least 
interference with the reflected signals. A faucet was installed 
at the front side of the tank to allow for a control of the water 
39 
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level within the tank, and a sliding door was installed in the 
back side of the tank to facilitate the removal of materials from 
the tank. Some of the difficulty encountered during the 
construction process of the tank included selecting an adequate 
method of supporting the sides of the tank. When full with 
saturated soils, the tank could weigh as much as 7,500 lbs and 
develop an effective lateral pressure as high as 1000 lb/ft. 
Screws and glue placed at the corners would not be sufficient to 
support such loads and eventually the sides of the tank would 
yield. One option considered was to support the sides with 2 x 4 
foot sections of plywood. A hinge of some type could be bolted at 
the top of each of the four sides of the tank; one end of the 
plywood would then rest below this hinge and the other end would 
be fixed by placing it in the ground. The sliding door of the 
tank could still be used by prying loose the plywood piece 
supporting that side. This idea was disregarded, however, due to 
the difficulty of mobilization around the tank. It was ultimately 
decided that the tank would be incased in a metal frame held 
together at the ends with stainless steel bolts. Enough space was 
left at the back side of the tank to allow for the operation of 
the sliding door. A schematic diagram of the experimental PVC 
tank is shown in Figure S(a). Figure S(b) shows an actual 
photograph of the tank filled with sand. The tank is located in 
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Even with the metal frame in place, the sides of the tank bulged 
out approximately 1 to 2 inches after it was filled with wet 
sands. 
Concrete Slab 
In order to test the ability of GPR in evaluating a concrete 
mix, an experimental model of a concrete slab 15 feet long and 4.5 
feet wide with an average thickness of 6 inches was built in a 
test site located on the UCF campus. The slab was divided into 
four sections of equal dimensions. A schematic diagram of the 
model with its designated features and an actual photograph of the 
slab are presented in figures 9( a) and 9( b). In section 1, two 
hollow pipes were buried approximately 6 to 7 inches below the 
slab. One pipe, which was buried vertically, is a metal pipe 
approximately 4 inches in diameter and 10 inches in length. The 
other, which was buried horizontally, is a PVC pipe having the 
same dimensions as the metal pipe. Both ends of the pipes were 
covered to keep soil from filling in. After tests were completed 
with these two pipes, the PVC pipe was removed and replaced with a 
17 inch deep hole. The experiment on section 1 of the model was 
intended to simulate a solution cavity or sink under the slab. In 
section 2, several #4 reinforcing bars were embedded within the 
slab. At one side, the bars were placed across each other. At the 
other side, the bars were placed parallel to each other. All 
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Figure 9(a). A schematic diagram of the experimental concrete slab. 
~ 
~ 
Figure 9 (b) . A photograph of the concrete slab model with the 900 MHz antenna on top. 
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apart. In section 3, several 1 inch diameter short PVC pipes 
(length ranged from 1 to 3 inches) were scatteringly embedded in 
one side. A concrete masonry block was embedded within the slab 
on the other side. The objective behind this experiment was to 
try to detect a fairly large cavity within the slab. Section 4 
was built as a typical pavement component having a coarse 
aggregate base under the concrete slab. The thickness of the 
aggregate layer is approximately 3 inches. The experiment for 
this section was intended to distinguish the layers of concrete 
slab and aggregate layer. 
CHAPTER V 
EXPERIMENTAL PROCEDURE AND RESULTS 
The experiment consists of two main parts: (1) to determine 
the dielectric constant of sand, clay and limestone samples and 
(2) to determine the dielectric constant of a concrete slab and to 
test the capability of GPR on the concrete pavement. All tests 
were performed using a range adjustment setting of 000 xl or 100 
xl which correspond to a two-way travel time of 16. 67 and 20. 67 
nanoseconds, respectively, from the calibration charts presented 
in the Appendix. The 900 MHz antenna was used throughout the 
experiment since only shallow penetration was required. The high 
frequency antenna would also produce the best solution from 
reflections of interfaces in the media. 
Dielectric Constant of Earth Materials 
Dry Sand 
A sample of sand was col lee ted and placed in the PVC tank. 
The sand was light tan, uniformly distributed fine sand with an 
average moisture content equal to 2%. The soil is classified as 
SP from the Unified Soil Classification System or A-3 from the 
AASHTO System. As was discussed in Chapter III, the most accurate 
method of determining the propagation velocity is to scan over a 
47 
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target with a known depth. In order to eliminate the interface 
reflection from the concrete slab supporting the experimental 
tank, the sand layer was filled to a height that would cause the 
impulse signal to dissipate just as it reaches the concrete 
interface. This effort would result in the most accurate 
estimation of the propagation velocity through the sand. The 
required height of sand can be estimated using equations (12) and 
(16) and by assuming an average dielectric constant for sand equal 
to 5 as presented in Table 2. By knowing that the two-way travel 
time is equal to 16 .67 nanoseconds from range adjustment of 000 
xl, a total penetration depth is then calculated to be 3.73 feet. 
A 4. 5 foot thick sand layer ·was used to make sure that the depth 
of the sand layer is sufficient for the purpose of this 
experiment. The height of the tank walls was increased by using 
plywood sheets. After the required thickness of sand layer was 
obtained, a small section of a 4 inch diameter metal pipe was 
buried 16 inches below the surface. The pipe was used as a 
reference point of a known depth. The antenna was then slowly 
dragged across the surface of the sand layer. The resulting 
profile from the graphic recorder is shown in Figure 10. The 
first dark band appearing in the top of the profile is the 
transmit pulse followed by three dark bands representing the 
surface reflection. The parabolic signal is the reflection from 
the pipe's surface. The parabola appears to be stretched out or 
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Figure 10. Profile of dry sand layer. 
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across the surf ace of the sand layer. A ratio of the vertical 
distance to pipe to the total vertical distance of the graphic 
recorder chart paper is used to determine the pulse two-way travel 
time to the pipe. In this case, the signal two-way travel time to 
the metal pipe and back to the antenna was found to be s .4 
nanosecond~. Knowing the pulse travel time and the actual depth 
of the pipe, the propagation velocity through the sand layer can 






5.4 = 0. 49 f t/nsec 
Note that the value of 12 in the above equation is a factor to 
convert the depth of pipe from inches to feet. Once the pulse 
velocity is determined, the dielectric constant can be calculated 
from equation (16): 
A value of 4.14 falls within the expected range of 4 to 6 as 
presented in Table 2. 
51 
Saturated Sand 
In order to determine the pulse propagation velocity and the 
dielectric constant of saturated sand, water was added to the tank 
to simulate the groundwater table. Several hollow glass pipes 
were installed at the edges of the tank and extended to the bottom 
of the sand layer. Water was then poured through the pipes until 
a 10 inch layer of sand was saturated. The thickness of the dry 
sand layer above the water table was then varied in depth until 
the transmitted pulse dissipated just as it reached the bottom of 
the tank. The final thickness of the dry sand layer was measured 
to be 23 inches. The reflection profile for this condition is 
presented in Figure 11. Again, the first dark band in the profile 
is the transmit pulse and the three subsequent bands are due to 
the surf ace reflection. The parabolic signal appearing at the 
surface is the reflection of the cavity created by one of the 
circular glass tubes installed at the edges of the tank. The 
three dark bands in the middle of the profile are the reflections 
from the interface of saturated sand. The band signal appearing 
at the bottom of the profile is the reflection of the tank bottom. 
Recall that the propagation velocity through dry sand was 
determined in the previous experiment to be 0.49 ft/nsec, and the 
actual thickness of the upper dry sand layer was measured to be 23 
inches. The two-way travel time through this layer can, 
therefore, be computed by rearranging equation (12) as follows: 
depth, inches 
0 
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0.49 = 7.82 nsec 
Subtracting this value from the total two-way travel time of 16.67 
nanoseconds yields the two-way travel time through the saturated 
sand layer. Since the actual depth of this layer is known, 
equation (12) can again be used to calculate the propagation 
velocity through saturated sand: 
V <2 > x (lO/l2 ) = 0.188 ft/nsec 
m= (16.67-7.82) 
A velocity of 0.188 ft/nsec corresponds to a dielectric constant 
of: 
28.20 
This value is slightly higher than the value of 20 shown in Table 
2. This difference may be attributed to several factors such as 
the organic content of the sands used, the fines content, the 
degree of compaction and the salinity of the water used. 
Wet Sand 
The two distinct values of dielectric constants calculated 
from the above experiments represent the sand sample only in its 
dry and saturated condition. Little information is known on the 
54 
variation of dielectric constant with respect to the degree of 
wetness of a sand sample. Since the calibration of an accurate 
depth scale is highly dependent on a reliable estimate of the 
dielectric constant of a medium, an accurate assessment of the 
latter is imperative for proper interpretation of radar data at 
any condition. Thus far, a GPR operator has to estimate the 
dielectric constant of wet sand solely based on their practical 
experience and not on actual data. This could lead to an 
inaccurate depth scale calibration. To overcome this uncertainty, 
an experiment was conducted to determine the values of dielectric 
constants for different degrees of wetness of the sand. A summary 
of the data collected is presented graphically and in tabular form 
in Figure 12. It can be seen from Figure 12 that the moisture 
content and the dielectric constant of sand are linearly related. 
Clayey Soils 
After the above experiment was completed, the sands were 
removed from the tank and replaced with a one-foot thick 
light-green to brown slightly sandy clay sample with an 
approximate moisture content equal to 3%. A similar procedure of 
experimentation was repeated on the clayey sample as was performed 
on the sandy soil. The resulting graphic recorder outputs are 
presented in figures 13 through 17, respectively. In Figure 13, 
the surface and pipe reflections were identified and labeled in 
the profile. The two-way travel time to the pipe was measured 
55 
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Figure 12. Summary of data collected from experiments on sa~dy 
sample. 
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61 
from the profile. By using equation (12), the velocity of radar 





= 0.435 ft/nsec 
which yields a dielectric constant value of 5. 28 from equation 
(16). Based on the range adjustment of the control unit and from 
the value of dielectric constant of clay calculated above, the 
radar pulse should theoretically penetrate to a depth of 
approximately 3 .6 ft. However, due to the high conductivity of 
clay and the relatively high attenuation rate of radar signal 
through clay (see Table 4), the radar pulse can only penetrate to 
a depth of approximately one foot. As the moisture content of the 
clay sample was increased, the conductivity of the medium 
increased and the reflections became less distinct, making the 
profiles more difficult to interpret. This can be seen in Figure 
16 and particularly in Figure 17. A summary of the data collected 
during this experiment is presented in Figure 18, graphically and 
in tabular form. 
Based on the five data points collected and plotted, as shown 
in Figure 18, it is concluded that a linear relationship does not 
exist between the moisture content and the dielectric constant of 
the clayey sample, as was the case for the sandy sample. By 
extending a curve through the data points, it appears that the 
62 
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Figure 18. Summary of dat·a collected from experiments on 
clayey sample. 
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dielectric constant of the clayey sample at a moisture content of 
100% is approximately 18. Note that since the reflection bands 
appearing in the profiles of figures 16 and 17 are not distinct, 
it is very difficult to pinpoint the surface and pipe reflections. 
The dielectric constant of the clayey sample at saturation was 
estimated based on the author's interpretation of the radar data 
presented in figures 16 and 17 and may slightly vary from the 
actual value. 
Dry Limestone Aggregate 
A layer of coarse limestone aggregate was now placed in the 
experimental model. The pipe used in the previous experiments was 
buried at a depth of 20 inches. A GPR profile for the dry 
limestone aggregate sample is shown in Figure 19. As seen from 
this figure, the reflection from the pipe is clearly identified. 
The two-way travel time of 8. 49 nanoseconds to the pipe can be 
measured directly from the profile. The pulse velocity of the 
radar signal through the medium can be computed using equation 





= 0.393 ft/nsec 
and the dielectric constant can be calculated from equation (16): 
12 
E = --- = 6.48 










Figure 19. Profile of dry limestone aggregate layer. 
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The computed constant of 6.48 compares well with the value 
presented in Table 2. 
Saturated Limestone Aggregate 
To calculate the dielectric constant of the limestone 
aggregate in its saturated condition, an approximately 1 foot 
thick layer was completely submerged in water. The reference pipe 
was buried at a depth of 9 inches. The resulting graphic recorder 
printout for this set-up is presented in Figure 20. Note that the 
signal reflections in the profile are not very clear. This may be 
attributed to signal oscillation of submerged limestone 
aggregates. A two-way travel time of 4.69 nanoseconds to the pipe 
was measured from this profile. By using equations (12) and (16), 
the pulse velocity and the corresponding dielectric constant were 
calculated to be 0.203 ft/sec and 24.26, respectively. 
Combination of Sand, Clay and Limestone 
Aggregates in Dry Condition 
To test the reflection profiles for closely spaced interfaces 
of a multilayered soil strata, the three studied earth materials 
were placed in the experimental tank in their dry state and in the 
following order from top to bottom: seven ( 7) inches of sand 
followed by four (4) inches of clay followed by nine (9) inches of 
depth, in. 
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Figure 20. Profile of saturated limestone aggregate layer. 
67 
limestone aggregate. The radar profile for this combination is 
presented in Figure 21. Note how closely spaced the reflected 
bands appear to be. By using the values of dielectric constants 
computed in the single layer analyses and knowing the actual depth 
of each layer, the two-way travel time of the radar pulse through 
each layer can easily be computed by combining equations (6) and 
(12) as follows: 
twt = (2)(D/12)(k) 
r 
Thus, for sand: twt = (2)(7/12)(/4.14) = 2.37 nsec 
for clay: twt = (2)(4/12)(/5.28) = 1.53 nsec 
for limestone aggregate: twt = (12)(9/12)(/6.48) = 3.45 
nsec 
The above values were computed based on known information and, 
therefore, represent the true values of two-way travel time of the 
radar pulse through each layer. The two-way travel time may also 
be scaled off from Figure 21. These were found to be 2.67, 3.9 
and 6.1 nanoseconds for sand, clay and limestone aggregate, 
respectively. A depth scale as shown in Figure 21 was calibrated 
based on the measured values of two-way travel time. One can see 
that the measured values of two-way travel time do not agree with 
the true values computed above. Also, the calibrated depth scale 
does not reveal the actual depth of each layer. It can be 
depth, in. 68 twt, ns. 
Figure 21. Profile of sand, clay, and limestone aggregate 
combined in their dry condition. 
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concluded from this experiment, therefore, that GPR profiles of 
closely spaced multilayer stratification cannot be relied upon for 
the calibration of an accurate depth scale. 
Combination of Sand, Clay and Limestone 
Aggregates in Saturated Condition 
Once the layers were saturated, the pulse velocity through 
each layer decreased due to the increase of the dielectric 
constants of the materials, and thus, more "space" would now 
appear between the reflections of the interfaces. This can be 
seen from the profile presented in Figure 22. As was performed 
above, the two-way travel time through each layer was computed as 
follows: 
for sand: twt = (2)(7/12)(128.20) = 6.20 nsec 
for clay: twt = (2)(4/12)(v2()) = 2.98 nsec 
for limestone aggregate: twt = (2)(9/12)(124.26) = 7.39 
nsec 
From the profile, measured values of two-way travel time were 
found to be 6. 53, 3. 60 and 2. 64 nanoseconds for sand, clay and 
limestone aggregate, respectively. Again, these values deviate 
from the computed values of two-way travel time and the 
corresponding depth scale does not show the actual depth of the 








~~~· _jiw .. , 
J Clay interface · . .. · 







~ ~ . . . . ~ -. - . 
' .· •. -
r-1s 
Figure 22. Profile of sand, clay, and limestone aggregate 
combined in their saturated condition. 
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Evaluation of Concrete Slab 
All radar profiles shown in this section were based on the 
transect using a 900 MHz antenna and a 100 x 1 range adjustment on 
the control unit. This range adjustment corresponds to a total 
two-way travel time of 16 .67 nsec from the calibration charts 
shown in the Appendix. A 500 MHz antenna with a different range 
adjustment of the control unit was also tried, but did not offer 
superior resolution. 
The graphic recorder printouts from the survey of section 1 
of the concrete slab is presented in Figure 23. Figure 23( a) 
shows the section with two buried pipes. The first dark band on 
the top is the transmit pulse. The three dark bands immediately 
following are the reflection from the slab surface. The 
irregularity of bottom band is due to the irregular bottom of the 
slab. The reflection signals from the soil interface appear under 
the three dark bands of the concrete slab. The roof of the air-
filled cavity in the vertical metal pipe is identified by the top 
of the three convexed upward signatures at a depth of around 12 
inches. The cavity in the PVC pipe was not quite apparent in this 
case. This may be attributed to the similarity of dielectric 
constants of dry sand and PVC. Consequently, the small cavity (4" 
diameter) in sandy soils is very difficult to detect. 
Figure 23(b) shows the radar profile with a 17 inch deep hole 
under the concrete slab. Three dark bands appear at the right 
side of the figure directly below the slab for the presentation of 
Transrni t p.ilse 
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Figure 23(a). Radar profile in section 1 with two pipes. 
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Figure 23(b). Radar profile in section 1 with vertical metal 
pipe and 17 inch cavern. 
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the cavity. The reflection of the soil interface is then shown in 
the underlying lighter dark band. From the profile, measuring the 
travel time through the cavity and knowing the pulse velocity 
through air, a quick calculation yields a depth of cavity equal to 
approximately 17 inches which agrees with the actual measured 
depth of ~~e hole. 
The result from section 2 is presented in Figure 24. This 
reflection profile is typical of all reinforcing bars embedded in 
a medium. Each dark band within the slab is a reflection from one 
rebar, adding up to a total of six. Note how each dark band is 
separated by a white to light gray region. This is the reflection 
from the concrete in-between the rebars. The reflection from the 
soil interface seems not too distinct in this case. This may be 
due to the very high conductivity of metal rebars which rapidly 
attenuates the impulse signal. 
Figure 25 shows the reflection profile for section 3. The 
large void within the masonry block . is easily identified in the 
concrete slab, as shown by a "white block" in the upper right-hand 
corner of the printout. The two gray signals appearing in the 
"white block" represent the roof and bottom of the concrete block. 
The white region in-between is the actual void. Al though the 
exact size of the cavity is difficult to determine because of 
unknown travel time from the top to the bottom of the block, a 
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Figure 25. Radar profile in section 3 with small voids and 
concrete block. 
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embedded by a number of small PVC pipes could not be identified in 
this section. 
A layer of coarse aggregates under the concrete slab in 
section 4 was easily picked up by GPR. As depicted in Figure 26, 
following the transmit pulse and the three bands of the concrete 
slab, three dark bands were primarily produced by tne reflection 
from the aggregate layer appear. The thickness of the aggregate 
layer may be estimated to be approximately 3 inches. 
Theoretically, all GPR profiles should reveal similar values 
of dielectric constant for the concrete mix. It was noted, 
however, that only figures 23 ( b) , 24 and 25 revealed similar 
values, with an average dielectric constant equal to 10.92 and 
figures 23(a) and 26 produced values equal to 23 and 27, 
respectively. These values are much too high and were, therefore, 
disregarded. The inaccuracy of these values may be the result of 
incorrect setting of the adjustment range on the control unit 
during experimentation or due to the inaccuracy of the multilayer 
analyses. 
Summary of Results 
In summary, this chapter included a discussion of the 
procedures followed to determine dielectric constants of several 
earth materials. Table 5 summarizes the values of computed 
propagational velocities and corresponding dielectric constants. 
The table also provides a comparison of these dielectric constants 
depth, in 
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Figure 26. Radar profile in section 4 with coarse aggregates. 
-
TABLE 5 
SUMMARY OF RESULTS 
- - - - -- -- ---- - ------------ - --~- -- -- -- ·- - - - -- ---- ---- --~-- - - -
PROPAGATIONAL COMPUTED DIELECTRIC CONSTANT 
MATERIAL VELOCITY OF DIELECTRIC CONSTANT USING OTHER RADAR SIGNAL USING GPR MEASURING TECHNIQUES (ft/nsec) 
Sand (w = 2%)* 0.491 4.1 4-6 
Sand (w = 27%) 0.324 9.5 Not Determined 
Sand (w = 50%) 0.246 16.5 Not Determined 
Sand (w = 100%) 0.188 28.2 20 
Clay (w = 3%) 0.435 5.3 Not Determined 
Clay (w = 12%) 0.326 9.4 Not Determined 
Clay (w = 20%) 0.304 10 .8 Not Determined 
Clay (w = 100%) 0.224 18 8-12, 40 
Limestone 0.393 6.5 7.0 
aggregates (dry) 
Limestone 0.203 24.3 Not Determined 
aggregates (sat.) 
Concrete Mix 0.303 10.9 10.0 




with other values determined by other researchers using different 
means of investigations. It can be concluded, based on the 
contents of Table 5, that the GPR method of computing dielectric 
constants compares very well with other measuring techniques. 
CHAPTER VI 
SUMMARY AND CONCLUSIONS 
The electrical parameters of several earth materials were 
experimentally determined using Ground Penetrating Radar and a 
concrete slab was probed for the detection of buried anomalies. 
Two experimental models were constructed for the purpose of this 
research study. One was a PVC tank in which tests were performed 
to determine signal propagational velocities and dielectric 
constants of typical earth materials, and the other was a concrete 
slab to test GPR' s ability in evaluating concrete pavements and 
also to determine the pulse velocity and corresponding dielectric 
constant of a concrete mixture. The following conclusions can be 
summarized based on the results of this research study. 
1. Several values of attenuation constants were calculated 
for different earth materials as a function of frequency and 
conductivity. It was concluded from these values ( presented in 
Table 4) that the attenuation rate typically increases as the 
conductivity of the material increases. It was also observed that 
saturated clay exhibited the highest attenuation rate of 
materials tested. This was also supported from the GPR profiles 
collected during this research. As the moisture content of the 
clay sample increased, the GPR signal faded more rapidly and the 
81 
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profiles became more difficult to interpret. Eventually, with 
increasing moisture content, bands were no longer distinct and 
reflections could not be identified. 
2. Dielectric constants for sand, clay and limestone 
aggregates samples were calculated for the dry to saturated 
conditions of the material. Plots of moisture content versus 
dielectric constant were plotted for sand and clay samples. These 
plots did not yield similar relationships between the dielectric 
constant and the water content for the tested sandy and clayey 
samples. 
3. All values of dielectric constants calculated were 
compared to previously calculated values using other measurement 
techniques. A summary of the comparison is presented in Table 5. 
It can be concluded that the dielectric constants determined using 
GPR compared well with the values determined by other researchers. 
As for the uncertainty of the dielectric constant of saturated 
clay, a value of approximately 18 appears to be most 
representative based on the findings of this study. 
4. A multilayer soil strata was simulated and investigated 
with the radar unit. It appears from the results of this 
experiment that GPR cannot produce reliable depth information when 
dealing with several layers of soil stacked on top of the other. 
This may be due to the energy loss of the reflected signal as it 
oscillates between the interfaces prior to being received by the 
antenna. 
83 
5. During the evaluation of the concrete slab, ground 
penetrating radar showed promising results. GPR was able to 
detect buried anomalies within and beneath the slab. 
It is concluded from this research that ground penetrating 
radar is an economical and relatively effective tool for 
subsurface investigations. Its greatest drawback is its depth 
limitations, especially in areas containing saturated clay laye,rs. 
A great deal remains to be learned about the effect of various 
subsurface conditions on signal propagation. The attenuation rate 
of the radar signal in various subsurface mediums and the 
relationship between the attenuation constant and the penetration 
depth of the radar signal is an important topic that requires 
thorough investigation. Improvements in radar equipment design 
and the development of interpretative skills will make GPR even 
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Figure 28. Normal range calibration chart (x4). 
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